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Background: The ratio method has been developed to improve the study of one-neutron halo nuclei through
reactions. By taking the ratio of angular distributions for two processes, viz. breakup and elastic scattering, this
new observable is nearly independent of the reaction mechanism and hence much more sensitive to the projectile
structure than the cross sections for each single process.
Purpose: We study the extension of the ratio method to proton-rich nuclei. We also explore the optimum
experimental conditions for measuring this new observable.
Method: We compare accurate dynamical calculations of reactions for proton-rich projectiles to the prediction
of the ratio method. We use the dynamical eikonal approximation that provides good results for this kind of
reactions at intermediate energy.
Results: Our tests for 8B, an archetypical one-proton halo nucleus, on Pb, Ni, and C targets at 44 MeV/nucleon
show that the method can be extended to proton-rich nuclei. The sensitivity of the ratio observable to the single-
particle structure of the projectile is studied in detail. The method is not affected if energy ranges—or bins—are
considered in the projectile continuum. This makes the ratio easier to measure experimentally by increasing the
breakup cross section. Light elements provide the optimal targets to exploit this observable in practice. We also
extend our analysis to 17F, 25Al, and 27P, whose study is of interest to both nuclear astrophysics and nuclear
structure.
Conclusions: We show that, albeit less precise than for one-neutron halo nuclei, the ratio method can be extended
to proton-rich nuclei and that it provides valuable information about their structure. It is especially accurate for
nuclei with a valence proton loosely bound in an s or p orbital, i.e. for one-proton halo nuclei.
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I. INTRODUCTION
The development of radioactive-ion beam (RIB) facil-
ities in the mid 80’s has opened the door to the study
of nuclear structure away from the β-stability line. This
technical breakthrough has enabled the discovery of new
phenomena that are not observed in stable nuclei. The
existence of neutron halo or neutron skin in some nuclei
[1–3], the emergence of new magic numbers [4–7], and
shape coexistence [8, 9] are so many examples of these
exotic features, which challenge the current nuclear the-
ory.
Because they are located beyond the β-stability line,
these exotic nuclei cannot be studied through usual spec-
troscopic methods. Experimentalists must then rely on
indirect techniques, such as reactions, to analyze their
structure. For example, breakup reactions are one of
the mostly used tools to study halo nuclei [10]. In these
reactions the loosely bound valence nucleon dissociates
from the core of the nucleus during its interaction with
the target, hence revealing its strongly clusterized in-
ternal structure. In order to extract valuable nuclear-
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structure information from experiment, an accurate re-
action model coupled to a realistic description of the pro-
jectile is needed. Various such models have been devel-
oped within the last thirty years (see, e.g., Ref. [11] for a
recent review). Breakup calculations depend on the op-
tical potentials, which simulate the interaction between
the target and the projectile internal clusters. The re-
sulting breakup cross sections may be quite uncertain
due to the ambiguities inherited from optical potentials
[12]. Such problems make the study of cluster structures
with breakup measurements more difficult than initially
thought.
The ratio method was recently suggested to circum-
vent this issue in the study of one-neutron halo nuclei
[13, 14]. The core idea of this method is to look at the
ratios of angular distributions for different reaction chan-
nels that occur in the collision, viz. breakup and elastic
scattering. Theoretically, it is based on the recoil excita-
tion and breakup (REB) model of reactions induced by
one-neutron halo nuclei [15, 16]. This model predicts this
ratio to be independent of the reaction mechanism, and,
in particular, to be insensitive to the optical potentials,
whose influence on the different cross sections cancel out
when taking their ratio. According to the REB model,
the ratio should be equal to a form factor that depends
only on the projectile wave functions, making this new
observable much more sensitive to its internal structure
than the individual reaction cross sections.
2The excellent results obtained for one-neutron halo nu-
clei, even beyond the range of validity of the REB [17],
lead us to consider the extension of the ratio method
to study the single-particle structure of proton-rich nu-
clei. This extension is not self-evident because the REB
is built on two simplifying assumptions that are likely to
be breached for proton-rich nuclei. First, the REB ne-
glects the interaction between the valence nucleon and
the target. For a valence proton it is not fully clear that
this can be done because it is always sensitive to the
Coulomb field of the target. Second, the adiabatic—or
sudden—approximation is applied to the treatment of
the projectile dynamics [15, 16]. This is usually valid
for short-ranged nuclear interactions. However due to
the additional Coulomb force between the proton and
the target, this approximation might lapse. The goal of
this work is to evaluate the significance of these approxi-
mations in reactions involving proton-rich nuclei and see
whether the ratio method still holds for these exotic sys-
tems. We also study the best conditions to explore this
method experimentally.
After a brief description of the ratio method in Sec. II,
we analyze in Sec. III the collision of 8B—an archetypical
one-proton halo nucleus—on various targets at interme-
diate energy. As in Refs. [13, 14], we consider for reac-
tion model the dynamical eikonal approximation (DEA)
[18, 19], which has shown to provide excellent results for
the breakup of 8B at intermediate energies [20]. We esti-
mate the validity of the ratio method by confronting these
reaction calculations to the REB predictions. Then, in
Sec. IV, we study in detail the sensitivity of the ratio
to various aspects of the projectile structure: its binding
energy, the asymptotic normalization constant (ANC) of
its radial wave function, the partial-wave in which the
halo proton is bound to the core etc. We also check
how the ratio behaves when considering a range of en-
ergies in the continuum instead of a single energy. In
Sec. V, we explore the possibility to use the ratio method
to study other proton-rich nuclei, namely, 17F, 25Al, and
27P, whose study is of interest to both nuclear astro-
physics [21–25] and nuclear structure [26, 27]. These nu-
clei exhibit the clear single-particle structure of a proton
outside a core, for which the ratio method could fit well.
We look in particular for the optimum experimental con-
ditions, hoping to lay the ground for the experimental
validation of the method with proton-rich nuclei. Our
conclusions are drawn in Sec. VI.
II. THE RATIO METHOD IN A NUTSHELL
A. Model of reaction
We describe the collision within a three-body model: a
two-body projectile impinging on a one-body target. The
projectile P is composed of a proton p of spin 1/2, which
is loosely bound to a core c of atomic and mass numbers
Zc and Ac, respectively. The atomic and mass numbers
of the projectile are thus ZP = Zc + 1 and AP = Ac +
1, respectively. For simplicity, we neglect the spin and
internal structure of the core. Such a two-body structure
is described by the Hamiltonian
H0 = −
~
2
2µcp
∆r + Vcp(r), (1)
where µcp = AcmN/AP is the c-p reduced mass, withmN
the nucleon mass, r is the relative coordinate of the pro-
ton to the core and Vcp is a phenomenological potential
that simulates the core-proton interaction.
In this model, the states of the projectile are described
by the eigenstates of H0, which read, in the partial wave
ljm,
H0 φljm(E, r) = E φljm(E, r), (2)
where l is the orbital angular momentum for the c-p rel-
ative motion, j is the total angular momentum obtained
from the coupling of l with the proton spin, and m is its
projection.
Negative-energy states are discrete and form the bound
spectrum of the nucleus. To distinguish them, we in-
troduce within their notation the number n of nodes in
the radial wave function. The positive-energy eigenstates
of H0 describe the continuum of the projectile, i.e., the
states in which the proton is dissociated from the core.
This continuum may include one-proton resonances. The
parameters of Vcp are adjusted to reproduce the exper-
imentally known low-energy states of the projectile, its
bound states and, when possible, some of its resonances.
The target T is considered as a structureless body of
atomic and mass numbers ZT and AT , respectively. Its
interactions with the core and the valence proton are sim-
ulated by the optical potentials VcT and VpT , respectively.
These potentials are chosen from the literature, or built
from folding procedures [28] and reproduce the elastic
scattering of each of the constituents of the projectile
with the target.
If we define R as the P -T relative coordinate, the core-
and proton-target coordinates read RcT = R−
1
AP
r and
RpT = R+
Ac
AP
r, respectively. In the Jacobi set of coordi-
nates {r,R}, the three-body Schro¨dinger equation that
describes the collision reads[
−
~
2
2µPT
∆R +H0 + VcT (RcT ) + VpT (RpT )
]
Ψ(r,R)
= Etot Ψ(r,R), (3)
where µPT = APATmN/(AP + AT ) is the P -T reduced
mass and Ψ is the three-body wavefunction. Initially, the
projectile is in its ground state n0l0j0 of energy E0 and
has an initial P -T relative momentum ~K0. This fixes
the total energy of the system in its center-of-mass rest
frame to Etot = ~
2K20/2µPT +E0. With Zˆ the direction
of the incoming beam, the initial condition reads
Ψ(r,R) −→
Z→−∞
ei{K0Z+η ln[K0(R−Z)]} φn0l0j0m0(E0, r),
(4)
3where η = ZTZP e
2/(4πǫ0~
2K0/µPT ) is the P -T Som-
merfeld parameter.
To solve Eq. (3), we choose to use the dynamical
eikonal approximation (DEA) [18, 19]. This approxi-
mation simplifies the equation to be solved, allows for
shorter computational times, and is very accurate at in-
termediate energies [29]. In particular, for the proton-
rich nuclei studied here, the DEA provides excellent
agreement with the MSU breakup experiments on 8B at
44, 81, and 83 MeV/nucleon [20, 30–32]. In this work we
use the Coulomb-corrected version of the DEA detailed
in Ref. [33].
B. The ratio idea
In Ref. [13], a new reaction observable has been sug-
gested to study one-neutron halo nuclei. Instead of look-
ing at elastic scattering or breakup cross sections sepa-
rately, the idea is to measure the ratio of cross sections,
and more precisely the ratio of the breakup angular dis-
tribution for a given energy E in the core-valence-nucleon
continuum (dσBU/dEdΩ) and the so-called summed cross
section, which corresponds to all the quasi-elastic pro-
cesses: elastic and inelastic scattering, and breakup
dσsum
dΩ
=
dσel
dΩ
+
dσinel
dΩ
+
∫
dσBU
dEdΩ
dE. (5)
The ratio observable hence reads
Rsum(E,Q) =
dσBU/dEdΩ
dσsum/dΩ
, (6)
where
Q =
1
AP
(K0Zˆ −K
′) (7)
is proportional to the transferred momentum from the
initial ~K0Zˆ to the final ~K
′ momenta, and is approx-
imately related to the scattering angle between the pro-
jectile center of mass and the target after the collision by
Q ≃ 2AP K0 sin(θ/2).
The recoil excitation and breakup model (REB) [15,
16] predicts this ratio to be equal to a form factor that
depends only on the structure of the projectile
Rsum(E,Q)
REB
= |FE,0(Q)|
2, (8)
with
|FE,0(Q)|
2 =
1
2j0 + 1
∑
m0
∑
ljm
∣∣∣∣
∫
φljm(E, r)φn0l0j0m0(E0, r)e
iQ·rdr
∣∣∣∣
2
.
(9)
This observable should thus be independent of the re-
action mechanism and therefore provide a very accu-
rate probe of the nuclear structure. In particular it
should be independent of the optical potentials chosen
to simulate the interaction between the projectile con-
stituents and the target, which can significantly affect
reaction calculations [12]. Note that this form factor dif-
fers from the dB(E1)/dE strength from the ground state
to the c-p continuum, but at (very) small Q, for which
eiQ·r ∼ 1 + iQ · r.
The REB is based on two simplifying approximations,
which enable the exact resolution of Eq. (3). First, it ne-
glects the interaction between the valence nucleon and
the target [viz. VpT = 0 in Eq. (3)] and, second, it
assumes the adiabatic—or sudden—approximation (viz.
H0 ≃ E0). In Refs. [13, 14], it has been shown using the
DEA that the ratio idea derived from the REB works well
for one-neutron halo nuclei even if these two conditions
are not met in real cases. In a later work, the extension
of the ratio method to low beam energy, viz. down to
20 MeV/nucleon, has been demonstrated [17].
One practical conclusion of these previous analyzes is
that although the ratio should be independent of the re-
action process, it seems more efficient in collisions where
the Coulomb interaction is less significant, i.e. on light
targets, because in these cases, the adiabatic approxi-
mation is better justified. This suggests that the ratio
method could also be used to study the single-particle
structure of proton-rich nuclei, such as proton-halo nu-
clei, even though the presence of a Coulomb term in the
interaction between the valence proton and the target
certainly breaches the VpT = 0 hypothesis made within
the REB and would make the adiabatic approximation
less valid. The main goal of the present work is to see
whether the ratio method can be extended to the case
of proton-rich nuclei and what are the best experimen-
tal conditions to measure it in practice. We proceed as
in the previous works [13, 14, 17] and compare the REB
prediction (8) to precise DEA reaction calculations for
this observable. To this aim, we initiate our study with
8B, which exhibits a very clear one-proton halo structure,
before extending the idea to other proton-rich nuclei.
III. EXTENSION OF THE RATIO METHOD TO
A 8B PROJECTILE
A. Inputs to the reaction model
1. Description of 8B
The nucleus 8B has a strong 7Be-p cluster structure
and is usually considered as the archetypical one-proton
halo nucleus. It therefore constitutes the ideal testcase
to study the extension of the ratio method to proton-rich
nuclei. In this section, we study the collision of 8B on Pb,
C, and Ni targets at 44 MeV/nucleon. The spectrum of
8B includes only one bound state, which exhibits a one-
proton separation energy Sp of a mere 137 keV. Its 2
+
spin and parity are obtained predominantly from the cou-
pling of a 0p3/2 proton with the
3
2
−
spin of the ground
4state of 7Be [34]. Following Refs. [20, 35], we use the
simplified version of the description of 8B developed by
Esbensen and Bertsch in Ref. [36]. This description ne-
glects the spin of the core and reproduces the bound state
of 8B as a 0p3/2 proton bound to a spinless
7Be core.
2. Optical potentials VcT and VpT
The 7Be core being the mirror nucleus of 7Li, we fol-
low Refs. [20, 35] and choose to simulate the c-T interac-
tion by optical potentials that were fitted to 7Li elastic-
scattering data. For the 208Pb target, we extrapolate
the global potential suggested by Cook in Ref. [37] to re-
produce the elastic scattering of 7Li on various targets,
from 24Mg to 208Pb, in an energy range 28–88 MeV. For
the 12C target, we consider the potential developed in
Ref. [38] to fit elastic-scattering data of 7Li off 12C at
350 MeV. For the 58Ni target instead, we rescale the po-
tential developed in Ref. [39] to fit elastic-scattering data
of 4He off 58Ni at 240 MeV.
To test the independence of the ratio to the c-T inter-
action, we also use, for the Pb and C targets, the poten-
tials from Refs. [40, 41], which are listed in the Perey and
Perey compilation [42]. The former has been fitted to re-
produce the elastic scattering of 6Li on 208Pb at 30 MeV,
whereas the latter simulates the scattering of 7Li off 12C
at 36 MeV. We have rescaled the radius of the former to
account for the mass difference between both projectiles.
Although these potentials have been developed for ener-
gies well below the ones considered here, we neglect the
possible energy dependence of these interactions. This
second set of potentials will be referred to as V ′cT in the
following.
To simulate the p-T interaction, we use the nucleon-
target global optical potential of Becchetti and Greenlees
[43] on the 208Pb target. For the 12C and 58Ni targets,
we consider the Koning-Delaroche global parametrization
[44].
3. Numerical conditions of the calculations
The cross sections entering the computation of Rsum
[see Eq. (6)] are calculated within the DEA [18, 19] using
the Coulomb correction from Ref. [33]. The computa-
tions are done with the algorithm presented in Ref. [45],
which expands the projectile wave-function over a mesh
on the unit sphere containing Nθ × Nφ points. At
44 MeV/nucleon, we go up to 14× 27 points for the 12C
and 58Ni targets and 10× 19 points for the 208Pb target.
The radial mesh is quasi-uniform, contains Nr = 800
points, and extends up to rNr = 800 fm. The impact
parameters considered in the calculations are discretized
in steps hb = 0.25–5 fm in the range of b = 0–200 fm for
all targets.
B. 208Pb target at 44 MeV/nucleon
We start our analysis of the ratio method at interme-
diate energies (44 MeV/nucleon) on a lead target; these
correspond to the conditions of the MSU experiment of
Davids et al. [30]. On Fig. 1 are represented the angu-
lar distributions for the breakup of 8B into 7Be and p at
the continuum energy E = 125 keV (in b/MeV sr), the
summed cross section (5) divided by Rutherford, their ra-
tio Rsum (6) expressed in MeV
−1, and the corresponding
REB form factor |FE,0|
2 [thick grey line, see Eq. (9)]. The
solid curves correspond to the full calculation, including
both 7Be-Pb and p-Pb interactions. Calculations which
do not include the latter are represented by the dashed
lines (VpT = 0) and calculations using the alternative
7Be-Pb potential (V ′cT , see Sec. III A 2) are represented
with the dash-dotted lines.
θ [deg]
0 5 10 15
10−8
10−6
10−4
10−2
1
100
|FE,0|
2
full
VpT = 0
VcT = V
′
cT
dσBU/dEdΩ
dσsum/dσRuth
Rsum
FIG. 1. Analysis of the ratio method for 8B impinging on
208Pb at 44 MeV/nucleon. The ratio Rsum and REB form
factor |FE,0|
2 are considered at an energy E = 125 keV in
the 7Be-p continuum and are given in units of MeV−1. Dif-
ferential breakup angular distributions dσBU/dEdΩ are given
in units of b/MeV sr. Calculations using different sets of po-
tentials are displayed (see text for details).
As initially observed in Ref. [46] for a one-neutron halo
projectile, the breakup and summed cross sections oscil-
late and decrease as functions of the scattering angle in
a very similar pattern. Accordingly, their ratio removes
most of these features, leading to a smooth curve that
follows the same trend as the REB prediction |FE,0|
2
[13, 14]. This result exhibits little dependence on the
choice of the 7Be-Pb interaction: the ratio obtained with
the alternative potential V ′cT is nearly superimposed on
the first one. At forward angles, this simply reflects
the fact that both potentials lead to indistinguishable
cross sections, which is to be expected for a Coulomb-
dominated reaction. However, at angles θ & 8◦, where
the reaction becomes slightly more sensitive to the choice
5of nuclear potential and the individual cross sections ex-
hibit noticeable differences, both ratios remain superim-
posed. This result shows that the independence of the
ratio to the optical-potential choice is also observed for
loosely bound proton-rich nuclei.
Compared to the one-neutron halo cases studied in
Ref. [14], the form factor predicted by the REB for 8B
overestimates the DEA calculations (compare Fig. 1 with
the Figs. 2(b), 6 and 7 of Ref. [14]). To understand this
difference, we test the two approximations included in
the REB, meaning the effect of the p-T interaction and
the adiabaticity hypothesis. When VpT is set to zero, the
ratio superimposes nearly perfectly with the REB form
factor. Additional tests—not plotted here for the sake
of clarity—have shown that this difference is solely due
to the Coulomb p-T interaction. We can explain this re-
sult by noting that, in the REB model, the breakup is
caused by the sole recoil of the core due to its interac-
tion with the target, the valence nucleon being seen as
a spectator. Unlike in one-neutron halo nuclei, the halo
nucleon is charged here, which implies that the repulsive
Coulomb interaction between this valence proton and the
target reduces the tidal force, which is responsible for the
dissociation. The actual breakup and hence the ratio are
then smaller than those predicted by the REB at forward
angles.
As noted in previous work [13, 14], the adiabatic ap-
proximation made in the REB is responsible for an ad-
ditional overestimation of the actual ratio by the REB
prediction (see, e.g., the inset of Fig. 2(b) and Fig. 6 of
Ref. [14]). However, that adiabatic effect takes place only
at very forward angles. This is also observed here: at an-
gles θ . 0.5◦, the REB form factor is slightly larger than
the DEA ratio obtained with VpT = 0. As expected from
the very small binding energy of 8B, adiabaticity of the
reaction assumed within the REB is rather well fulfilled
here.
These results show that the overestimation of the ratio
observed for 8B with a lead target is mainly due to the
Coulomb repulsion that exists between the proton halo
and the target. This puts the ratio method at stake.
However, since the Coulomb interaction is significantly
reduced with a light target, we investigate whether the
aforementioned problem can be avoided on a carbon tar-
get.
C. 12C target at 44 MeV/nucleon
The results obtained on a C target at 44 MeV/nucleon
are shown in Fig. 2. As observed before, the breakup and
summed cross sections oscillate in a very similar pattern.
By taking the ratio, these oscillations are strongly re-
duced. However, contrarily to the Coulomb-dominated
case, some remnant oscillations appear in the ratio. This
is very similar to what has been observed for neutron-
halo nuclei [14]; the remnant oscillations are due to the
slight shift that exists between the elastic and breakup
angular distributions, which arises from the kick given
by the target to the valence proton through VpT [15, 16].
This is confirmed by the calculation in which the p-T in-
teraction is neglected, which is in perfect agreement with
the REB prediction.
θ [deg]
0 5 10 15
10−6
10−4
10−2
1
10× |FE,0|
2
full
VpT = 0
VcT = V
′
cT
dσBU/dEdΩ
dσsum/dσRuth
10×Rsum
FIG. 2. Same as Fig. 1 but for a 12C target. Note that the
ratio is multiplied here by 10 to improve the readability.
At forward angle (viz. θ . 3◦), the REB form fac-
tor slightly overestimates the full DEA calculation. This
is reminiscent of the problem observed with the Pb tar-
get. Accordingly it has the same root, viz. the Coulomb
p-T interaction, which hinders the breakup and leads
to a larger REB prediction compared to the actual ra-
tio. However, the reactions on 12C being nuclear domi-
nated, this reduction happens only at forward angles and
is smaller than in a Coulomb-dominated reaction.
To study the independence of the ratio to the choice of
the c-T interaction, we use the alternative 7Be-12C po-
tential mentioned in Sec. III A 2 (V ′cT , dash-dotted lines).
Unfortunately, both potentials provide nearly identical
angular distributions. Nevertheless, at large angles (i.e.,
for θ & 8◦) they produce noticeable differences in the
cross sections that are completely washed out within the
ratio, confirming again that this observable removes most
of the sensitivity to the c-T optical potential.
D. 58Ni target at 44 MeV/nucleon
The previous sections have shown that the dynamical
calculation can be directly confronted to the REB predic-
tion only for a light target, like 12C. Unfortunately, this
is also the target that leads to the lowest breakup cross
section and hence for which the ratio will be the hardest
to measure. In order to find a compromise between accu-
racy of the method and feasibility of the measurement,
we have performed another series of calculations on a
658Ni target at the same energy. The results are displayed
in Fig. 3.
θ [deg]
0 5 10 15
10−6
10−4
10−2
1
|FE,0|
2
full
VpT = 0
dσBU/dEdΩ
dσsum/dσRuth
Rsum
FIG. 3. Same as Fig. 1 but for a 58Ni target.
The results obtained on the 58Ni target are similar to
those computed with the two previous targets. Here also,
the dynamical breakup and summed angular distribu-
tions exhibit very similar decays and oscillatory patterns,
which roughly cancel out when considering their ratio.
Contrarily to the 12C calculation, that ratio is not in full
agreement with the REB form factor: At forward angle
(θ . 5◦), the DEA ratio lies below its REB prediction,
while at larger angles, it exhibits remnant oscillations.
Both problems fully disappear when the calculation is
performed without the p-T interaction. As discussed in
Sec. III B, the former issue is due to the dominance in
that angular region of the Coulomb part of the p-T in-
teraction, which hinders the breakup. The second issue
is related to the whole VpT , which produces a shift in the
angular distributions, as explained in Sec. III C.
Although it produces a larger breakup cross section
than C for θ . 8◦, which would thus be easier to mea-
sure, the Ni target does not seem the optimal choice for a
measurement of the ratio for 8B because the ratio it pro-
duces cannot be directly related to the REB prediction.
At least for this nucleus, it seems that light targets should
be favored in an experimental use of the ratio method.
To conclude this first series of tests of the ratio method
extended to proton-halo nuclei, let us compare the ratios
obtained with the three different targets with one an-
other. This is done in Fig. 4, where we have plotted the
breakup angular distributions computed at E = 125 keV
expressed in b/MeV sr (dashed lines) and the summed
cross sections displayed as the ratio to Rutherford (dot-
ted lines) together with their ratio (given in MeV−1 but
multiplied by 10 for readibility; solid lines) for the C (red
lines), Ni (green lines), and Pb (blue lines) targets as a
function of the momentum transfer Q [see Eq. (7)]. We
observe that all three ratios are similar, even though the
processes involved in the three collisions are very differ-
ent. This confirms that, as observed for neutron-halo
nuclei, the ratio method removes most of the depen-
dence on the reaction mechanism, which shows that it
can be extended to the study of one-proton halo nuclei.
However, due to the presence of the p-T Coulomb inter-
action, a direct comparison of experimental data to the
REB form factor (thick grey line) should be performed on
light targets. On heavier targets, measurements should
be compared to fully dynamical calculations, which, like
the DEA, properly include VpT , or to an extension of the
REB, which is currently under development to include a
perturbative estimate of VpT [47].
Q [fm−1]
0 0.05 0.1 0.15 0.2
10−6
10−4
10−2
1
10 × |FE,0|
2
12C target
58Ni target
208Pb target
0.1× dσBU/dEdΩ
dσsum/dσRuth
10×Rsum
FIG. 4. Sensitivity of the ratio to the target choice: DEA
calculations on 12C, 58Ni, and 208Pb at 44 MeV/nucleon are
displayed as a function of Q [see Eq. (7)]. The breakup an-
gular distributions, the ratio Rsum and the REB form factor
|FE,0|
2 are calculated at an energy E = 125 keV in the 7Be-p
continuum.
IV. SENSITIVITY OF THE RATIO
OBSERVABLE TO THE PROJECTILE
STRUCTURE
A. Sensitivity to the 7Be-p potential choice
To initiate our analysis of the sensitivity of the ratio
Rsum on the description of the projectile, we perform
reaction calculations for 8B projectiles described by dif-
ferent 7Be-p potentials all fitted to bind a 0p3/2 proton
to the 7Be core by 137 keV. We first test the sensitivity
of the ratio to the low-energy 7Be-p continuum using po-
tentials in the s wave that are adjusted to reproduce the
scattering length in the spin 1 and 2 channels [48]. Sec-
ond, we analyze the influence of the potential geometry
upon the ratio by modifying the diffuseness of the poten-
tial of Esbensen and Bertsch a = 0.52 fm to a = 0.65 fm.
7Following the results from the previous section, we con-
sider the most favorable case for the ratio method of a
collision on 12C at 44 MeV/nucleon. The corresponding
DEA ratios (thin lines) alongside the REB form factors
(thick lines) are displayed in Fig. 5.
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Esbensen & Bertsch
s wave spin 1
s wave spin 2
a modified
FIG. 5. Sensitivity of Rsum to the projectile description (
8B
impinging on 12C at 44 MeV/nucleon). Besides the Esbensen
and Bertsch 8B potential (black), potentials modified in the
s wave continuum that reproduce the scattering length of the
spin-1 (blue) and spin-2 (green) channels, as well as a poten-
tial with a modified diffuseness (red) are also considered.
The results displayed in Fig. 5 in linear scale call for
a general comment before discussing the details of the
sensitivity of our calculations to the 7Be-p potential. We
observe a less good agreement between the accurate DEA
calculations and the REB prediction in this proton-rich
case than for one-neutron halo nuclei (see, e.g., Fig. 4(b)
of Ref. [14]). As mentioned in the previous section, at
very forward angle (viz. θ . 3◦) the REB prediction
does not precisely reproduce the dynamical calculations.
At larger angles, although the form factor predicts the
general trend of the ratio, it misses the significant rem-
nant oscillations observed in the DEA calculation. As
explained earlier, these oscillations arise from the proton-
target interaction, which is neglected in the REB. Un-
like for neutrons, this approximation is less valid in this
charged case, leading to this less good agreement between
the actual DEA calculation and its REB prediction. Al-
though in its present status the ratio method works less
well for proton-rich nuclei than for one-neutron halos,
in the eyes of the results presented below, it would still
make sense to confront experimental data to the REB
form factor.
In the analysis of the sensitivity of our calculations to
the 7Be-p potential, let us first observe that all ratios
presented in Fig. 5 are very similar in shape and magni-
tude except for the potential with the larger diffuseness
a = 0.65 fm. The influence of the continuum seems thus
small compared to the one caused by the change in the
potential geometry. This is further confirmed if we set
the 7Be-p interaction to zero in all partial waves, but in
the 0p3/2 (test not displayed here for clarity).
At the angles displayed here, the dependence to the
potential geometry is mostly captured by the change in
the asymptotic normalization coefficient (ANC) of the
initial ground-state wave function. Indeed, by dividing
the ratios and REB form factors by the square of the
ground-state ANC, all curves fall quite close to one an-
other. For a given binding energy, the ratio and REB
form factor magnitude variations are thus mostly due
to the differences in ANC. This result is in good agree-
ment with the results observed in the neutron-halo case
[13, 14, 17]. The internal part of the projectile ground
state wave function could be probed if the ratio was mea-
sured at sufficiently large scattering angle. However the
ratio remains a mostly peripheral observable when mea-
sured at small angles, meaning that it probes the tail of
the wave function, viz. its ANC.
B. Sensitivity to the binding energy and orbital
angular momentum of the valence proton
Let us now evaluate the sensitivity of the ratio Rsum
to the orbital and binding energy of the valence proton.
To this aim, we follow Refs. [13, 14, 17] and perform
calculations for 8B-like projectiles in which the valence
proton is bound to the 7Be core within different orbitals
and with different binding energies. Again, we consider a
collision on 12C at 44 MeV/nucleon. The corresponding
DEA ratios (thin lines) alongside the REB form factors
(thick lines) are displayed in Fig. 6. In addition to the
physical 8B (a 0p3/2 proton bound by 137 keV to the
7Be core; solid black and grey lines), we consider 1s1/2
[dashed lines in Fig. 6(a)] and 0d5/2 [dash-dotted lines in
Fig. 6(a)] valence protons bound by 137 keV as well as
0p3/2 states with binding energies of 1 MeV [green lines
in Fig. 6(b)] and 4 MeV [red lines in Fig. 6(b)]. Since the
ANC dominates the magnitude of the ratio for a given
binding energy, we divide the ratios and form factors by
the squared ANC of their respective ground-state wave
function in Fig. 6(a), viz. by 5.81 fm−1, 0.504 fm−1,
and 0.010 fm−1, for the 1s1/2, 0p3/2, and 0d5/2 states,
respectively.
As expected from Eq. (9), the form factor shows a
significant dependence on the projectile structure. As
for neutron-halo nuclei [14, 17], this dependence is visi-
ble in the form-factor magnitude as well as in its shape.
Note that the square of the ANC varies by one order
of magnitude each time the ground-state orbital angu-
lar momentum l0 is increased by one unit, which means
that in addition to the change in shape seen in Fig. 6(a),
a variation in orbital angular moment leads to an even
larger change in the magnitude of the ratio. The bind-
ing energy has a similar influence on the magnitude of
the ratio. Although the quality of the REB prediction
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FIG. 6. Sensitivity of Rsum to the projectile structure (
12C
target and 44 MeV/nucleon). Besides the realistic 8B (valence
p bound by 137 keV in the 0p3/2 orbit), projectiles with (a)
different orbitals (1s1/2 and 0d5/2), and (b) different ground-
state energies (|E0p3/2| = 1 and 4 MeV) are also considered.
is lower in the present case than for one-neutron halo
nuclei, the significant changes illustrated in Fig. 6 will
enable experimentalists to infer accurate structure infor-
mation from the analysis of actual data. Except for the
remnant oscillations, the REB prediction for a projectile
bound in the s or p wave follows fairly well the DEA ra-
tio [see Fig. 6(a)]. For a projectile bound in the d wave
however, the agreement is less good. This confirms the
results already observed for neutron halos [14, 17]: the
agreement between the REB form factor and the actual
ratio is better for low orbital angular momentum l0. This
agreement deteriorates when the binding energy increases
[see Fig. 6(b)], indicating that the ratio method works at
best for loosely bound systems, like halo nuclei.
This series of tests shows that although it works less
well than for one-neutron halo nuclei, the ratio method
can be extended to charged systems loosely bound in a
low orbital angular momentum l0. For such nuclei, actual
data can be directly compared with the REB prediction
(8). When the binding energy or the orbital angular mo-
mentum increase, this direct confrontation will not be as
reliable. In those cases, although the ratio removes most
of the dependence on the reaction mechanism, which is
an appreciable quality in itself, the data will have to be
analyzed with an accurate model of the reaction, like the
DEA.
C. Choice of the continuum energy
The calculations presented in the previous sections
consider a single continuum energy E = 125 keV between
the 7Be core and the halo proton in the breakup chan-
nel. In the present section, we study the influence of the
choice of this energy on the ratio method. In particular,
we check how the method works at higher energy E in the
c-p continuum and when an energy range is considered
instead of a single energy. We also study if the presence
of a resonance in the continuum affects the method.
An actual measurement of the ratio will require to con-
sider a continuum-energy range or bin, and the statistics
uncertainty will be improved if a broad bin can be consid-
ered. We therefore analyze how the method is affected
by such a binning and how it varies with the width of
the energy range. Namely, we consider the following bin
ratio
Rsum(bin,Q) =
∫ Emax
Emin
Rsum(E,Q) dE (10)
=
∫ Emax
Emin
(dσ/dEdΩ)bu dE
(dσ/dΩ)sum
, (11)
where Emin and Emax are respectively the lower and
higher bounds of the bin. This ratio is associated to
the bin-integrated REB form factor
|Fbin,0(Q)|
2 =
∫ Emax
Emin
|FE,0(Q)|
2 dE. (12)
The DEA energy distribution for the breakup of 8B
on 12C at 44 MeV/nucleon is presented in Fig. 7(a), the
contributions of the s, p, d, and f partial waves in the
continuum are shown separately. The shape of this cross
section is typical of the nuclear-dominated breakup reac-
tion of halo nuclei [12, 49].
Opportunely, the simplified version of the 7Be-p poten-
tial of Esbensen and Bertsch [36] presented in Sec. III A 1
leads to a p1/2 resonance at 2.3 MeV above the one-
proton threshold with a width of 1.6 MeV. Albeit un-
physical, that state will enable us to study the behavior
of the ratio on and off resonance. As in Refs. [12, 49],
we observe a peak in the breakup cross section due to its
p1/2 contribution at the energy and with a width similar
to those of the resonance.
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For this study, we divide the 7Be-p continuum into
six different bins. The first one, 0–0.25 MeV, is chosen
at low energy and centered on the E = 125 keV used
in the previous sections. The next two, 0–0.5 MeV and
0–1 MeV, are kept in the low-energy part of the non-
resonant continuum. The fourth bin, 0–2 MeV, includes
part of the resonant range. To clearly see the influence of
the resonance, we also consider a bin centered on it: 1–
3 MeV. Finally, to test the possible use of a much broader
bin, we look at the 0–4 MeV range. The corresponding
results are displayed in Fig. 7(b).
The first bin (0–0.25 MeV) provides a ratio very sim-
ilar to that of the sole E = 125 keV. The agreement
between the DEA result and its REB prediction is hence
good confirming that experimental data could be directly
compared to the REB form factor (12).
Similarly, the ratio calculated with the second (0–
0.5 MeV) bin is qualitatively identical to that of the sole
E = 125 keV and the first bin (0–0.25 MeV). The only
quantitative difference is that this larger bin leads to a
breakup cross section—and hence a ratio—ten times as
large as the single continuum energy, which would be
useful in an experimental application of the method.
The third (0–1 MeV), and fourth (0–2 MeV) bins lead
to similar results. Although the disagreement between
the DEA ratio and the REB form factor slightly in-
creases with Emax, the direct comparison between ex-
perimental data and the form factor would still make
sense. This suggests that the resonance does not really
affect the ratio method. This is confirmed by the cal-
culation performed with the bin centered on the reso-
nance (1–3 MeV), which does not exhibit any peculiar
behavior compared to the non-resonant continuum. The
much broader bin (0–4 MeV) provides similar results.
For the last two bins, the form factor is in less good
agreement with the DEA ratio. This is expected because
higher excitation energies are less compatible with the
adiabatic approximation of the REB. However, they pro-
vide a larger ratio, which could significantly improve the
statistics uncertainty in actual data taking. For practical
purposes, a balance will thus have to be sought between
the accuracy of the method and the practicality of its
experimental implementation.
V. EXTENSION OF THE RATIO METHOD TO
OTHER PROTON-RICH NUCLEI
A. 17F, 25Al, and 27P
After the detailed examination of the 8B case, we check
the applicability of the ratio method to other proton-rich
nuclei. The cases studied are 17F, 25Al, and 27P. These
proton-rich s-d nuclei are all seen as composed of a core of
spin nil (16O, 24Mg, and 26Si, respectively) and a loosely
bound valence proton.
The loosely bound nucleus 17F (Sp = 601 keV) ex-
hibits a 52
+
ground state. In addition it also has a 12
+
bound excited state at 106 keV below the one-proton
separation threshold, which is usually depicted as ex-
hibiting a one-proton halo structure. Within an extreme
shell model, they are seen as a 0d5/2 and 1s1/2 proton
bound to an 16O core. This vision has recently been
confirmed by a coupled-cluster calculation by Hagen et
al. [26]. In addition to these two bound states, 17F ex-
hibits a 32
+
resonance at 4.4 MeV above the one-proton
threshold. It is seen as the d3/2 spin-orbit partner of
the ground state. Sparenberg, Baye and Imanishi have
developed an 16O-nucleon potential that describes the
low-energy spectra of the mirror nuclei 17F and 17O [50].
This potential includes a central plus a spin-orbit terms
of Woods-Saxon form factor, and reproduces the three
10
TABLE I. Parameters of the single-particle potentials Vcp and
V ′cp used to describe
17F, 25Al, and 27P. The corresponding
orbital and experimental binding energy of the valence proton
in the ground state of these nuclei are also listed [51, 52].
V0 VLS a r0 n0l0j0 E0
(MeV) (MeV fm2) (fm) (fm) (MeV)
17F
56.700 25.14 0.642 1.20
0d5/2 0.60057.090 0 0.52 1.25
25Al
50.342 0 0.65 1.25
0d5/2 2.27249.346 0 0.52 1.25
27P
47.377 0 0.65 1.25
1s1/2 0.87048.136 0 0.52 1.25
aforementioned states.
Being closer to the proton dripline, the other nuclei
have a less-known structure. The one-proton separation
energy of 25Al is 2.272 MeV and its ground state has spin
and parity 52
+
. It is therefore seen as a proton bound to a
24Mg core in the 0d5/2 orbit. Interestingly,
27P exhibits a
1
2
+
ground state seen as a 1s1/2 proton bound by 870 keV
to a 26Si core. Following the results of Sec. IV, thanks to
its loose binding and the nil orbital angular momentum
of its valence proton, this nucleus could be an interesting
test case for the ratio method close to the proton dripline.
To describe these nuclei within the two-cluster model
presented in Sec. II A and to study the influence of that
choice of description upon the ratio method applied to
these nuclei, we consider, for each one of them, two sets
of c-p potential, Vcp and V
′
cp. For
17F, we use the po-
tential developed by Sparenberg et al. in Ref. [50], whose
parameters are given in the first line of Table I. As second
potential V ′cp, we use the Woods-Saxon geometry of the
7Be-p potential of Esbensen and Bertsch [36]—viz. with
a = 0.52 fm and r0 = 1.25 fm—adjusting the central
depth to bind the valence proton at the right energy in
the 0d5/2 orbit. For simplicity, we ignore the spin-orbit
splitting. The parameters of that potential are listed in
the second line of Table I. In that potential, the 1s1/2
is bound by 760 keV, hence below the ground state, and
the 0d3/2 state is degenerated with the 0d5/2 state.
To describe 25Al and 27P, we consider simple Woods-
Saxon potentials without spin-orbit term. The first Vcp
is chosen with the usual diffuseness a = 0.65 fm and re-
duced radius r0 = 1.25 fm. For each nucleus, its depth is
adjusted to reproduce the experimental one-proton sep-
aration energy in the physical partial wave (see lines 3
and 5 of Table I); the same potential is considered in all
partial waves. To get a second c-p potential V ′cp, we do as
for 17F and consider the geometry of the potential of Es-
bensen and Bertsch [36], adjusting its depth to reproduce
the correct binding energy (see lines 4 and 6 of Table I).
To study the application of the ratio method to these
nuclei, we follow the results of Sec. III and first consider
a carbon target. We then analyze how choosing a Ni
target affects the method. The beam energy is selected
at 60 MeV/nucleon, which can be produced at various
RIB facilities. The optical potentials used in these tests
are the systematic nucleus-nucleus potential of Xu and
Pang [28] for VcT and the Chappel-Hill global nucleon
potential for VpT [53]. The former is obtained by fold-
ing the effective JLMB nucleon-nucleon interaction [54]
with the nucleon density distributions of the projectile
and target obtained with Hartree-Fock calculations us-
ing the SkX interaction [55]. For all three projectiles,
the real and imaginary parts of the nucleus-nucleus po-
tential are renormalized with the factors Nr = 0.68 and
Ni = 1.22, respectively. To study the effect of different c-
T interactions on the ratio method, calculations are also
made with another V ′cT , which is arbitrarily chosen to
have Nr = 0.58 and Ni = 1.02.
B. 12C target at 60 MeV/nucleon
Following what has been done in Secs. III B–IIID, we
first analyze how the ratio method works for each of the
nuclei considered in this study. Figure 8 displays our re-
sults for the collision of (a) 17F, (b) 25Al, and (c) 27P
on a 12C target at 60MeV; the first potential Vcp is used
in this study, the influence of that choice on our calcula-
tions is analyzed later in Fig. 9. As before, the summed
cross section (5) is plotted as a ratio to Rutherford. Fol-
lowing the results of Sec. IVC, the breakup cross section
is depicted for a 0–1 MeV bin in the c-p continuum (ex-
pressed in b/sr) and their ratio Rsum (6) is compared to
the REB form factor |Fbin,0|
2 (8) (thick grey line). We
represent the full calculations including both the c-T and
p-T interactions (solid lines), those that do not include
the latter (VpT = 0, dashed lines), and those using the
second c-T potential (V ′cT , dash-dotted lines).
Contrary to what has been seen for 8B in Sec. III and
for one-neutron halo nuclei in Ref. [46], we observe that
for 17F and 25Al, the breakup and summed cross sec-
tions are totally out of phase. Consequently, their ratios
exhibit very strong oscillations, indicating that for these
nuclei the method does not fully remove the dependence
on the reaction process. For 27P, on the contrary, we ob-
serve that both cross sections follow a very similar pat-
tern and that the DEA ratio closely follows its REB pre-
diction. This confirms the results of Sec. IVB, where we
have seen that the method works best for valence protons
loosely bound in an s or p orbital.
When the p-T interaction is neglected, Rsum falls very
close to |Fbin,0|
2. This is especially true for 27P and 17F.
For 25Al, there remain significant oscillations. We in-
terpret this as due to the fact that its valence proton is
more deeply bound and sits in a d wave, which is the less
favorable case to apply the ratio method.
Interestingly though, the ratios obtained in all three
cases exhibit little dependence on the c-T optical poten-
tial. When the reaction calculations are performed with
the alternate potential V ′cT , although significant differ-
ences are seen in the individual cross sections, their ratios
remain unchanged. Once again, this is especially true for
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FIG. 8. Same as Fig. 1 but for the projectiles (a) 17F, (b) 25Al, and (c) 27P on a 12C target at 60 MeV/nucleon. The ratio
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2 are considered at the bin energy of E= 0.0–1.0 MeV in the c-p continuum and have no
units. Differential breakup angular distributions dσBU/dEdΩ are given in units of b.
27P for which the method works best.
These results illustrate the limitation of the ratio
method in its strict original version when applied to
proton-rich nuclei. A direct comparison of the actual
ratio to the REB form factor will be accurate only for
loosely bound systems with the last proton in a low-l or-
bital, viz. the ideal cases in which a proton halo may
develop. However, since in all cases Rsum still follows
at least coarsely |Fbin,0|
2 and is independent of VcT , and
since it exhibits a very large sensitivity to Sp and l0 (see
Sec. IVB), the method could still be used to get useful
information about the single-particle structure of nuclei
close to the proton dripline even if the valence proton is
significantly bound in a dwave. However this information
will not reach the fine details that can be extracted for
one-nucleon halo nuclei. Note that accounting for the p-
T interaction in the REB model, even at the perturbative
level [47], should improve the ratio method significantly.
In Fig. 9, we study the influence on the ratio method of
the c-p potential used to describe (a) 17F, (b) 25Al, and
(c) 27P. The linear scale enables us to focus on the details
of these calculations. Let us first note that, as already
seen in Fig. 8, the ratio method applied to 27P leads to a
very good agreement between the DEA calculation and
its REB prediction, whereas for the d-bound nuclei 17F
and 25Al the DEA ratio merely reproduces the order of
magnitude of the form factor.
In addition to the calculations performed with the first
Vcp potentials (solid black and grey lines), we also dis-
play the ratios obtained with V ′cp (red dotted lines). For
all three nuclei, the quality of the method is not sig-
nificantly affected by that interaction: it is still very
efficient for 27P while it remains at a more qualitative
level for 17F and 25Al. To understand to what the differ-
ences between both sets of calculations are due, we plot
with blue dashed lines the V ′cp ratios and form factors
normalized to the Vcp ANC—viz. we multiply them by
|ANCVcp |
2/|ANCV ′cp |
2. In the case of 27P, these scaled re-
sults are superimposed on the original Vcp calculations,
confirming that the reaction process is peripheral and
probes only the tail of the ground-state wave function.
For 17F and 25Al, although the scaled REB form factors
are on top of the Vcp ones, this is not the case for the
DEA ratios. The reaction process for these projectiles
is consequently less peripheral, meaning that it is sensi-
tive to the internal part of the wave function, which is
not unexpected for systems bound in a d wave. However,
this is not observed in the form factor, indicating that dy-
namical effects spoil the original idea of the ratio method
[13], which is based on the REB that makes the adiabatic
approximation. This explains why, for these nuclei, the
ratio method works only at the qualitative level.
To complete this study, we analyze in Fig. 10 the best
choice of continuum bin upon which to apply the ratio
method. These plots confirm that this method applied
to 17F [Fig. 10(a)] and 25Al [Fig. 10(b)] is not very ac-
curate and provide about the same agreement between
the DEA calculation and the REB form factor at all en-
ergies in the continuum. Nevertheless, since the order of
magnitude is well reproduced, the method could be used
at a qualitative level. For 27P, however, we observe as
in Fig. 7(b), that the agreement between the DEA ratio
and its REB estimate deteriorates when the continuum
energy increases, which is what is expected in a rigorous
application of the method [14, 17]. Since the breakup
cross section increases significantly with the size of the
energy bin, it will be necessary, in an experimental use of
the method, to consider it broad enough. As for 8B, the
range E = 0–1 MeV seems optimal having a DEA ratio
quite close to the form factor while providing a breakup
cross section two orders of magnitude larger than the
E = 0–0.5 MeV bin.
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C. 58Ni target at 60 MeV/nucleon
To see if another target choice could increase the mag-
nitude of the breakup cross sections and hence ease
the experimental use of the ratio method, we perform
the same calculations considering a 58Ni target at the
same 60 MeV/nucleon beam energy. The correspond-
ing summed and breakup cross sections are displayed in
Fig. 11 as well as the DEA ratio and its REB prediction
(thick grey line); the calculations correspond to the first
Vcp listed in Table I.
As expected, the larger Coulomb P -T interaction leads
to a larger breakup cross section. It also significantly af-
fects the general shape of the angular distributions, both
the summed and breakup ones. We see the clear appear-
ance of a Coulomb rainbow and the shift of the oscillatory
pattern to larger angles. However, as already observed
on the 12C target, for 17F and 25Al the summed and
breakup cross sections do not exhibit the same behavior
showing that for these nuclei, the ratio method can be
qualitative at best. For 27P however, both cross section
behave similarly, leading to a rather smooth DEA ra-
tio. Unfortunately, as explained in Sec. III D, the larger
Coulomb interaction leads the REB form factor to over-
estimate the DEA ratio. It is therefore not clear that the
gain in the breakup channel will improve the accuracy of
the ratio method.
When the p-T interaction is removed (VpT=0, dashed
lines), the conclusions are very similar to those made for
the 12C target. For 27P and 17F the remnant oscilla-
tions in the ratio disappear and the ratio and its REB
prediction are superimposed for θ > 2◦. For 25Al, on
the contrary, the ratio still exhibits significant remnant
oscillations.
Results in Fig. 11 also show that the potential VcT used
to simulate the c-T interaction has little to no influence
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on the cross sections, especially at small angles. This is to
be expected from this more Coulomb-dominated process.
However, at larger angles, at which some differences can
be observed in the individual cross sections, the ratios
are nearly unaffected by the choice of that interaction.
To study the influence of the choice of c-p potential on
the ratio, we perform the same series of calculations as
in Fig. 9 for this 58Ni target; the results are displayed
in Fig. 12. Before analyzing the difference between the
first Vcp (black and grey solid lines) and the second V
′
cp
(red dotted lines), let us first note that the agreement
between the DEA ratio and its REB prediction is not
as good as on 12C, even for 27P. Although it leads to
a larger—and hence easier to measure—breakup cross
section, this choice of target will not be optimal for an
accurate experimental application of the ratio. Never-
theless, as already pointed out, it could be used if actual
data are compared to accurate reaction calculations, e.g.
performed within the DEA.
The sensitivity of the method to the projectile descrip-
tion is very similar to what has been observed in Fig. 9 on
a 12C target. In all cases, the choice of the c-p potential
does not affect the quality of the method: the agree-
ment of the REB prediction with the DEA ratio does
not change much when V ′cp is used instead of the original
Vcp. Once more, this is especially true for
27P, for which
nucleus that change is solely due to the change in the
ground-state ANC, as proven by the blue dashed lines,
which display the V ′cp results scaled to the ANC obtained
with Vcp (see Sec. VB). In the case of
17F, we observe
again that the dynamical calculation of the reaction is
less peripheral than predicted by the REB, the DEA ra-
tio obtained with V ′cp being not superimposed on the Vcp
calculation after its scaling by the ANC. Interestingly,
for 25Al, both the DEA and REB models indicate that
the reaction is not peripheral. However, since the DEA
calculation deviates so much from its REB estimate, it is
not clear that the method, in its original version, could
bring us more than qualitative information on this nu-
cleus structure.
Finally, it should be mentioned that we have also calcu-
lated the ratios Rsum for several continuum bins. We do
not show these results for the sake of conciseness since
they are similar to the carbon-target case: broadening
the bin leads to larger breakup cross sections with a qual-
ity of the agreement between the DEA calculation and
the REB prediction that remains poor for 17F and 25Al
and that worsens at high energy for 27P.
VI. CONCLUSION
The ratio observable is a recent tool proposed in
Refs. [13, 14] to study the structure of loosely-bound sys-
tems like halo nuclei. It consists of the ratio of elastic-
scattering and breakup angular distributions and cap-
tures the projectile structure while showing little depen-
dence on the reaction mechanism. This method has been
shown to work quite well for one-neutron halo nuclei at
both intermediate [13, 14] and low [17] beam energies.
In this work, we investigate the extension of this new
reaction observable to study the single-particle structure
of proton-rich nuclei. To this end, we first study the ra-
tio method for a 8B projectile, which has a clear 7Be-p
structure and is usually seen as the archetype of a charged
halo nucleus. We consider light (C), medium-mass (Ni)
and heavy (Pb) targets at an intermediate beam energy
of 44 MeV/nucleon. To obtain a reliable estimate of the
actual ratio, we use the DEA [18, 19], which provides ex-
cellent agreement with experimental data for one-neutron
[19] and one-proton [20] halo nuclei at these beam ener-
gies. This enables us to study the validity of the method
near the proton dripline and to study its sensitivity to the
projectile structure. We have then extended our study
to other proton-rich nuclei, namely 17F, 25Al, and 27P.
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FIG. 12. Same as Fig. 9 but on a 58Ni target at 60 MeV/nucleon.
Although the REB assumptions are not totally fulfilled
(the Coulomb interaction between the valence proton and
the target can hardly be neglected), we have shown that
the ratio method can be extended to the proton-rich side
of the nuclear chart. However, the results obtained are
less good than for the one-neutron halo nuclei studied in
Refs. [13, 14, 17]; we observe that even for nuclei with
a valence proton loosely bound in an s or p orbital, the
DEA ratio exhibits remnant oscillations. Nevertheless
it still follows closely the form factor predicted by the
REB. A direct comparison of that form factor with ac-
tual measurements would provide an accurate estimate
of the one-proton separation energy, its orbital angular
momentum and the ANC of the ground-state wave func-
tion.
For more deeply bound systems or when the valence
proton sits in an l ≥ 2 orbital the ratio can be ap-
plied only qualitatively. Its high sensitivity to the one-
proton separation energy and its orbital angular momen-
tum would still enable us to infer valuable information
about the structure of the nucleus, however in a more
qualitative way.
Similarly to what has been observed at low energies for
one-neutron halo nuclei [13, 14, 17], the ratio is indepen-
dent of the choice of optical potential used to simulate the
interaction between the core of the nucleus and the tar-
get. This in itself is very valuable since this interaction is
usually poorly known and induces biases in the analysis
of reaction data. However, as seen in Ref. [17], we find
that the agreement with the REB is improved when the
role of the Coulomb interaction is reduced. This suggests
that a direct comparison of an experimentally measured
ratio with the REB form factor would be best performed
on light targets. However, breakup cross sections on such
targets are small compared to heavier ones, on which
the Coulomb breakup becomes significant. The use of a
broad energy bin in the c-p continuum instead of a single
energy enhances the ratio by several orders of magnitudes
without much accuracy loss.
This analysis shows that the applicability of the ratio
method, which was originally designed for neutron-halo
nuclei, can be extended to the proton-rich side of the nu-
clear chart, especially for loosely bound systems in which
the valence proton sits in a low-l orbital, viz. for proton
halo nuclei. This interesting result opens new avenues
within the study of nuclear structure away from stability
by enabling us to reach details of the single-particle struc-
ture of proton-rich nuclei inaccessible to conventional re-
action methods.
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